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486High gravity primary continuous beer
fermentation using flocculent yeast biomass
Eduardo J. Pires,1* José A. Teixeira,1 Tomás Brányik,2 Manuela Côrte-Real,3
Tiago Brandão4 and António A. Vicente1The current work assessed a new immobilized cell reactor system throughout a long-term (54 days) continuous primary fer-
mentation of lager-type wort of high speciﬁc gravity. The experiment was performed in a 4 L airlift bioreactor and immobi-
lization of biomass was attained solely by ﬂocculation. Despite the constant liquid agitation and washout of biomass, up to
53 g dry wt/L of yeast remained immobilized in the system. Two types of beer were produced without interrupting the reactor,
based on two types of wort: a Pilsener type with high speciﬁc gravity of 15.6 ± 0.3°P; and a dark lager wort with speciﬁc gravity of
14.4 ± 0.03°P. Even during the inlet of high gravity wort, the desired attenuation was achieved without the need for either recir-
culation or an auxiliary second stage bioreactor. The speciﬁc saccharide consumption rate was kept around 7.9 ± 0.4 g/L/h and
ethanol productivity oscillated at 3.36 ± 0.2 g/L/h for nearly a month. During this period the volumetric productivity of the cur-
rent bioreactor reached 1.6 L beer/L/day. The green beers produced from the Pilsener and dark lager worts met the standards
of regular ﬁnished primary beer fermentation. The productivity of diacetyl through the entire experiment could be correlated
to the free amino nitrogen consumption rate. Copyright © 2014 The Institute of Brewing & Distilling
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High-gravity brewing (HGB) and continuous fermentation are
two well-known options for increasing the productivity of a
brewery. However, while HGB is a fully implemented and quite
reliable technology, continuous fermentation is still avoided by
most breweries. A major reason for this is because the latter
requires additional investments in equipment, which strongly
modiﬁes the process as a whole. Additionally, continuous beer
fermentation still needs ﬁne-tuning concerning technical (1,2)
and sensorial (3,4) problems affecting the ﬁnal product. None-
theless, considering that continuous fermentation can greatly in-
crease volumetric productivity, the investment cost could be
justiﬁed if a reliable and efﬁcient setup was developed.
Any continuous fermentation system depends on high con-
centrations of yeast, often attained by immobilized cell technol-
ogy (ICT). Two methods are usually applied in ICT bioreactors:
attachment of yeast to solid carriers for bioﬁlm formation (5–8);
and forced physical entrapment of yeast cells into semi-rigid ma-
trices (9–12). For both of these methods the yeast carrier price
often limits further applications of the technology. Flocculation
on the other hand is a natural (free of charge) method of immo-
bilization, where yeast cells attach to each other to form large
cell aggregates – ﬂocs. Flocculation is a multifactorial inheritance
triggered by both genetic (13,14) and environmental factors (15–17),
being widely used to harvest yeast at the end of primary fermen-
tation in traditional brewing (18,19).
Airlift bioreactors are remarkably efﬁcient in mass transfer of
either liquid–liquid or solid–liquid phases triggered by rapid
mixing, low shear stress, simple design and low energy con-
sumption (20). These attributes give airlifts excellent conditions
for application in conjunction with ICT, which has previously
been tested under continuous beer production (4,6,11,12).J. Inst. Brew. 2014; 120: 486–494 Copyright © 2014 The InstituRelying only on yeast ﬂocculation as an immobilization
method can be challenging as self-aggregation is hard to predict
(15,16,19). This task becomes even harder when the input wort
has a high speciﬁc gravity (SG) because the inlet sugars will com-
petitively bind to yeast’s ﬂocculins, preventing these proteins
from attaching to mannose residues of surrounding cells, thus
inhibiting ﬂocculation (16,17,19). Additionally, an extended con-
tinuous fermentation may also compromise yeast viability owing
to yeast’s limited lifespan (21,22) and the restricted time of
metabolic activity (23,24) of the immobilized cells. Furthermore,
when mechanical agitation is absent (as in batch fermentations),
dead cells are removed from the bottom cone of the cylindro-
conical fermenters by preferential sedimentation of the older
cells (18,25,26), which is not compatible with the constant agita-
tion of an airlift reactor. Although ambitious, the possible synergy
offered by placing together HGB and continuous fermentation
could greatly increase process productivity.te of Brewing & Distilling
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Institute of Brewing & DistillingTherefore, this work assessed the feasibility of a long-term con-
tinuous HGB in an airlift bioreactor, using ﬂocculation alone for
biomass immobilization. Key parameters such as yeast viability
and the chemical composition of the green beer were evaluated
in detail through the course of the fermentation. Maturation was
performed in bottles to assess the ﬁnal quality of the beer.
Methods
Brewing yeast
The ﬂocculent Saccharomyces pastorianus strain no. 96 from the
culture collection of the Research Institute of Brewing and
Malting Plc. (Prague, Czech Republic) was used. Yeast was iso-
lated in a Petri dish containing yeast extract peptone dextrose
broth (Sigma-Aldrich, UK) with 2% wt of agar (Sigma-Aldrich,
UK). A few colonies were then inoculated into 400 mL of 15°P
wort and incubated at 30°C, 120 rpm, for 48 h prior to being
used as inoculum for the gas-lift reactor.Figure 1. Immobilized yeast bioreactor system used in the current work: 1, wort
barrel; 2, peristaltic pump; 3, gas-lift reactor; 4, air ﬁlter; 5, ﬂow mass controllers;
6, pressurized air; 7, CO2 bottle; I, green beer outﬂow/sampling point; II, biomass
sampling point; III, wort inlet; IV, gas sparger. This ﬁgure is available in colour online
at wileyonlinelibrary.com/journal/brewing.Beer wort
Wort used in this experiment was supplied by UNICER Bebidas,
S.A. (S. Mamede de Infesta, Portugal). It was collected from the
main production line after the cooling stage and, prior to aeration,
stored in 50 L barrels (Nalgene, USA), taken to the laboratory,
heated to 100°C and autoclaved for 1.5 h at 121°C. Considering
the high volume of the barrels, heat treatment is mandatory for
keeping the wort free of contamination during long-term exper-
iments. The composition of each barrel of wort supplied to the
reactor is presented in Table 1.Continuous fermentation
The continuous fermentation was carried out in a Perspex airlift
bioreactor with 4 L of total work volume. Gas ﬂow was regulated
by two independent mass controllers (Alicat Scientiﬁc, USA) using
CO2 (100 mL/min) and pressurized (2 bar) air (10 mL/min). This
mixture and ﬂow were kept constant in the course of the entire
experiment. The temperature was held at 15°C using a Julabo
F32 Refrigerating/Heating Circulator (Julabo, Germany). The
dilution rate was controlled by a peristaltic pump 101U/R
(Watson-Marlow, UK). Fig. 1 shows an overview of the setup used
in this work.
The reactor was sterilized using a 3% (v/v) solution of com-
mercial sodium hypochlorite with 1.5% of active chlorine, 48 h
before use. After this time, the solution was discarded and 50 LTable 1. Composition of inlet wort from the barrels
(Barrel no. ) Wort type Period in days (from–to) RTtot (h)
(1) Pilsener 0–11 59–27
(2) Pilsener 11–20 20
(3) Pilsener 20–27 17
(4) Pilsener 27–34 15
(5) Pilsener 34–40 15
(6) Dark lager 40–48 15
(7) Dark lager 48–54 15
SG, Speciﬁc Gravity; RTtot, Retention Time;°P, Plato degree; EBC, E
FAN, Free Amino Nitrogen.
J. Inst. Brew. 2014; 120: 486–494 Copyright © 2014 The Instituof sterile water was used to wash the reactor. It was then ﬁlled
with 15°P Pilsener wort and inoculated.
The reactor operated in batch mode for the ﬁrst 48 h at 20°C,
using only pressurized air as the gas supply at 200 mL/min. After
that, air-ﬂow was reduced to 10 mL/min at the same time that
CO2 injection was started at 100 mL/min. Afterwards, the contin-
uous mode of operation was started with the wort barrel no. 1
(Table 1) at a dilution rate of 0.019/h. Subsequently, the dilution
rate was raised gradually (up to 0.066/h) depending on the
attenuation level of the green beer.Biomass measurements
The ﬂocculated biomass was evaluated daily. Three 15 mL plastic
Falcon tubes were dried at 105°C for 12 h andweighed. Then 10mL
of reactor volume was taken at the sampling point II (Fig. 1) and
added to each Falcon tube and centrifuged at 4000g for 5 min.
The liquid phase was discarded and the tubes were dried (105°C)
for 24 h prior to weighing. The same procedure was also carried
out with samples of green beer directly from the outﬂow (Fig. 1I)SG (°P) pH Colour (EBC) EBU FAN (mg/L)
15.95 4.91 26.5 25 203
15.67 4.79 26.0 27 178
14.98 4.82 20.6 26 176
15.76 4.74 31.6 34 209
15.50 4.76 28.1 33 207
14.43 4.77 224 19 183
14.40 4.75 219 20 191
uropean Brewery Convention; EBU, European Bitterness Units;
te of Brewing & Distilling wileyonlinelibrary.com/journal/jib
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488in order to evaluate the loss of biomass. Blank experiments were
carried out using the inlet wort to correct for the presence of
trub-like compounds that could interfere with weighing. After
corrections, the dry matter was considered as the total biomass
(Xtot), corresponding to both ﬂocculated and free cells suspended
inside the reactor.Yeast viability
Yeast viability, from either Xtot or cells from the outﬂow, was
assessed by ﬂow cytometric measurements. Stock solutions of
ﬂuorescein diacetate (FDA) and propidium iodide (PI) were pre-
pared. FDA (Sigma, UK) was diluted with dimethyl sulphoxide
(Sigma, UK) to a ﬁnal concentration of 500 μg/mL. PI (Sigma, UK)
solution was diluted in ultra-pure water to a ﬁnal concentration
of 1 mg/mL. These stock solutions were kept at 20°C until used.
For the double staining with FDA and PI, 100 μL of ~1 × 106 cell
suspension was added to 400 μL of phosphate-buffered saline
(Sigma, UK) containing 1 μL of PI stock solution and 4 μL of FDA.
The incubation was carried out at room temperature for 20 min.
Samples were double-stained with FDA and PI as described
above, and analysed using a Beckman-Coulter EPICS XL ﬂow
cytometer (Beckman Coulter, Inc., USA) equipped with an Argon
ion air-cooled laser (emission at 488 nm/15 mW power). The FDA
green ﬂuorescencewas detected by the FL1 (530 nm) channel, while
the PI red ﬂuorescence was captured by the FL3 (590–610 nm).
More than 20,000 cell readings were carried out for each sample
(in triplicate). Data were analysed using Flowing Software Version
2.5.1 (Freeware provided by Perttu Terho, Turku Centre for
Biotechnology, University of Turku, Finland).Beer maturation
Green beer from the bioreactor outﬂow was collected in a closed
plastic recipient vessel, immersed in ice. Then it was ﬁlled into
1.5 L PET bottles, containing 50 mL of the respective original
wort for carbonation and kept for 30 days at 6°C.Beer and wort analysis
Characterization of the wort, green and maturated beer was per-
formed as suggested in the most recent version of Analytica EBC
methods. All reagents were purchased from Merck (Germany).
Periodically, the green beer taken from the outﬂow was ﬁltered
using a vacuum ﬁltration apparatus (New Star Environmental, USA)
coupled to a ﬁltering ﬂask immersed in ice. Cellulose nitrate
membranes, with a 0.2 μm pore size (Whatman, USA), were used
for ﬁltration. Filtered samples were then placed into 50mL Falcon
tubes and frozen (20°C) until further analyses were performed.
Ethanol concentration, speciﬁc gravity, original and real extract,
pH, colour and degree of fermentation were determined using the
automatic beer analyser Anton Paar Beer Analysis System DMA
4500 (Anton Paar GmbH, Austria). Total diacetyl was determined
by gas chromatographic analysis of the static headspace using
a Varian CP-3800 Gas Chromatograph (Varian, USA). Separation
was carried out by a wall-coated open tubular fused silica capillary
column (60 m × 0.25 mm) CP-Sil 8 CB low bleed/ms (Varian, The
Netherlands) using nitrogen as carrier gas. Samples were auto-
matically injected by a Combi PAL headspace autosampler (CTC
Analytics, Switzerland).
Acetaldehyde, higher alcohols and esters were measured by a
Varian Star 340 CX Gas Chromatograph (Varian, USA) with aCopyright © 2014 The Instituwileyonlinelibrary.com/journal/jibﬂame ionization detector and a thermoconductivity detector.
The volatiles were separated by a wall-coated open tubular
fused silica capillary column (60 m × 0.53 mm) CP-Wax 52 CB
(Varian, The Netherlands) using pure air and hydrogen as carrier
gases. Samples were automatically injected using a Combi PAL
headspace auto sampler (CTC Analytics, Switzerland). The free-
amino nitrogen (FAN) and bitterness results were measured in
a Varian Spectrophotometer Cary 50 Bio UV-Visible (Varian, USA).
Results and discussion
Yeast growth and viability
As Fig. 2 shows, Xtot had a consistent tendency to accumulate in
the airlift reactor in the course of all continuous fermentation
experiments. It is important to emphasize that other works
involving ICT normally distinguish between immobilized and
free cells, where the sum of these two fractions is equal to the
Xtot used in this work.
In order to build the needed Xtot to achieve high productivities,
the wort was initially fed to the airlift at a very slow ﬂow rate
(Q = 0.074 L/h). As a consequence, the total retention time (RTtot)
was 59 h, but before completing the ﬁrst RTtot cycle (48 h) the Xtot
was already 14.7 gcell dry wt/L. As the current system relied on
ﬂocculation, the tendency for Xtot accumulation inside the airlift
depended on the biomass production rate (BPR) and biomass
washout rate (BWR). BPR was deﬁned as the capacity of biomass
production by Xtot in a given time, calculated as follows:
BPR ¼ X tot  μ
BWRwas evaluated experimentally by constant measurements
of biomass concentration in the outﬂow (Xout) of the airlift reactor
and can be expressed as:
BWR ¼ Xout  D
Theoretically, if the values of BPR and BWR were equal, Xtot
would have been kept constant. Speciﬁc growth rate (μ) has
been calculated based in experimental data from this experiment
at different stages of the continuous fermentation, as follows:
μ ¼ ΔX
Δt 10ð Þ
 1
X tott0
Considering that biomass was constantly being removed from
the reactor through the outﬂow, ΔX in the current system may
be represented by:
ΔX ¼ X tott1  X tott0ð Þ þ Xw
where Xw is the total biomass concentration removed from the
system during Δt. Thus:
μ ¼ X tott1  X tott0ð Þ þ Xw
Δt 10ð Þ
 1
X tott0
The maximum speciﬁc growth rate, μmax, was observed in the
ﬁrst days of continuous operation and was around 0.013/h, with
the average value throughout the experiment being around
0.008/h. Moreover, it was evidenced (Fig. 2) that BWR oscillated
below BPR in a large part of the continuous experiment, whichJ. Inst. Brew. 2014; 120: 486–494te of Brewing & Distilling
Figure 2. Biomass speciﬁc growth rate (μ), biomass productivity rate (BPR), biomass washout rate (BWR) and yeast viability assessed by ﬂow cytometry during the contin-
uous fermentation. OF F+P, Viable cells from outﬂow (Fig. 1I) with positive staining for ﬂuorescein diacetate and negative staining for propidium iodide; Xtot F+P, viable
cells from sampling point II (Fig. 1) representing the Xtot with positive staining for ﬂuorescein diacetate and negative staining for propidium iodide; OF FP+, dead cells from
outﬂow (Fig. 1I) with positive staining for propidium iodide and negatively stained by ﬂuorescein diacetate; Xtot FP+, dead cells from sampling point II (Fig. 1) representing
the Xtot with positive staining for propidium iodide and negatively stained by ﬂuorescein diacetate. The viability values presented in this ﬁgure are an average of 20,000 cell
readings, carried out in triplicate. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/brewing.
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trendwas observed duringmajor part of the experiment, except in
the period between the days 27 and 40 of continuous fermenta-
tion, when BWR began to rise reaching its peak above BPR on
day 39, which was reﬂected in a small period of Xtot decrease. This
period matches the increase in the saccharide loading rate (SLR)
and the free amino nitrogen loading rate (FLR) caused by both
changing wort barrels and by rising Q (Fig. 3A,B). Flocculation is af-
fected by a combination ofmany variables, one of themost impor-
tant being the availability of nutrients (e.g. sugars and FAN) (19).
Intriguingly, the same increase in SLR and FLR reported in the
last lines also decreased Xtot viability (Fig. 2), which showed signs
of recovery when SLR and FLR were reduced. This loss of viability
may be correlated with the impairment of the stress response
caused by the increased availability of fermentable sugars
(triggering the Ras–cAMP–PKA pathway) and FAN (activating
the target of the rapamycin–TOR pathway) (27). Yeast viability
was assessed by esterase activity and preservation of plasma
membrane integrity monitored by FDA and PI, respectively.
The maximum value of Xtot measured in the current work was
52.7 g dry wt/L, a number far greater than other ICT setups,
including either entrapment-based (8) or bioﬁlm-based (4,7) sys-
tems. However, the amount of yeast associated with a speciﬁc
system does not necessarily reﬂect good results. Therefore, the
performances of different ICT setups are often compared in
terms of speciﬁc saccharide consumption (rs) and volumetric
ethanol productivity (rp), as discussed in the next section.48SLR, FLR, nutrient consumption and productivities
The performance of the bioreactor depends not only on its abil-
ity to assimilate what it is being fed, but also on the yield of theJ. Inst. Brew. 2014; 120: 486–494 Copyright © 2014 The Institudesired product. Fig. 3 drafts the entire course of SLR and FLR fed
to the airlift reactor, their respective consumption rate and the
productivity values of the most important components of green
beer – ethanol, higher alcohols and esters.
Coupling continuous fermentation with HGB, associated with
short RTtot, resulted in rs values as high as 8.7 g/L/h and rp of
ethanol reaching 3.7 g/L/h. Moreover, none of these values were
obtained with loss of attenuation performance (Table 2). In fact,
the values observed in the current work are far greater than
any other published data for continuous beer fermentation
(4,6,8,11,12). Additionally, as long as RTtot was ﬁxed at 15 h, rs
and ethanol rp remained steady within 7.9 ± 0.4 and 3.36 ± 0.2,
respectively, for nearly a month until interruption of the fermen-
tation (Fig. 3A). In other words, during all stages (including the
highest productivities RTtot = 15 h), the desired attenuation was
reached, which means a complete primary beer fermentation.
Throughout this period the volumetric productivity of the reactor
was 1.6 L beer/L/day. This means that a 4 L reactor was producing
6.4 L of green beer per day.
Although high osmolarity has been targeted as being one of the
main stress factors during HGB (28,29), ethanol tolerance developed
by lager yeast strains was recently observed to increase fermenta-
tion rates (30). As fermentation in this work ran in a continuous
mode, sugar levels inside the airlift reactor were low owing to the
quick uptake of nutrients by the large amount of Xtot in the reactor;
on the other hand the ethanol concentration was always around
52 ± 3 g/L. Although (together with other stress factors) the ethanol
stress might have discouraged biomass growth (μmax = 0.013/h),
evidence reported by Hasegawa et al. (30)may support the good
performance of fermentation rates for the current setup.
In contrast to what is observed in the ratio of SLR/rs, which
remained quite stable during the experiment, the free aminote of Brewing & Distilling wileyonlinelibrary.com/journal/jib
9
Figure 3. Organic loading/consumption rate of nutrients present in the feed wort and productivity rates of main components measured in the green beer from the out-
ﬂow during the continuous fermentation. (A) Saccharide loading rate (SLR), saccharide consumption rate (rs) and ethanol productivity (rp ethanol), in the course of contin-
uous fermentation time. (B) Free amino nitrogen loading rate (FLR), free amino nitrogen consumption rate (FCR); total higher alcohols productivity (rp higher alcohols) and
total acetate esters productivity (rp esters), through fermentation time. (C) Consumption and productivity rates during steady inlet phases of SLR/FLR and the inﬂuence of
total biomass (Xtot). (D) Ratios of consumption and loading rates of saccharide and free amino nitrogen. This ﬁgure is available in colour online at wileyonlinelibrary.com/
journal/brewing.
Table 2. Average composition (±standard deviation) of the green beer (recalculated to 5.2% ethanol) taken from the outﬂow
(Fig. 1I) of the airlift reactor
Pilsener Pilsener Pilsener Pilsener Pilsener Dark lager Dark lager
Beer type Days 0–11 Days 11–20 Days 20–27 Days 27–34 Days 34–40 Days 40–48 Days 48–54
Proﬁle
Real attenuation (%) 67 ± 3.0 68.8 ± 0.4 67.7 ± 0.47 67.0 ± 1.4 67.3 ± 0.5 66.0 ± 0.0 66.5 ± 0.5
FAN (mg/L) 33.8 ± 4.8 48.2 ± 6.5 60.3 ± 2.8 70.1 ± 2.8 60.0 ± 1.3 50.1 ± 1.8 46.8 ± 0.6
EBU 15 ± 2 15 ± 1 16 ± 0 20 ± 1 20 ± 1 12 ± 0 12 ± 0
Colour (EBC) 17 ± 2 15 ± 0 14 ± 1 18 ± 0 16 ± 0 157 ± 11 159 ± 7
pH 3.8 ± 0.1 4.0 ± 0.0 4.2 ± 0 4.2 ± 0 4.1 ± 0 4.1 ± 0 4.1 ± 0
Volatiles (mg/L)
Diacetyl 0.44 ± 0.05 0.25 ± 0.03 0.30 ± 0.03 0.31 ± 0.04 0.45 ± 0.03 1.02 ± 0.22 1.20 ± 0.07
Acetaldehyde 17.3 ± 2.8 12.3 ± 2.1 11.5 ± 1.4 11.0 ± 0.3 9.0 ± 0.4 12.5 ± 1.1 11.0 ± 1.1
n-Propanol 37.1 ± 11.4 19.2 ± 0.8 22.4 ± 2.7 26.3 ± 2.9 27.8 ± 1.3 21.4 ± 3.7 17.9 ± 1.4
Isobutanol 23.1 ± 10.1 8.2 ± 1.1 7.9 ± 0.8 9.4 ± 1.0 12.7 ± 0.1 16.7 ± 2.7 18.6 ± 1.9
Amyl alcohols 84.6 ± 24.3 50.5 ± 1.8 53.5 ± 3.5 61.6 ± 5.7 70.5 ± 1.5 78.7 ± 4.6 87.7 ± 5.2
Ethyl acetate 5.2 ± 1.9 11.5 ± 0.9 13.1 ± 0.6 13.9 ± 1.0 20.7 ± 1.0 22.6 ± 1.1 22.1 ± 1.5
Isoamyl acetate 0.20 ± 0.11 0.40 ± 0.02 0.48 ± 0.04 0.70 ± 0.06 1.14 ± 0.05 1.32 ± 0.1 1.56 ± 0.11
A/E 31.2 ± 13.3 6.6 ± 0.8 6.1 ± 0.4 6.6 ± 0.2 5.1 ± 0.1 4.9 ± 0.2 5.3 ± 0.1
EBC, European Brewery Convention; EBU, European Bitterness Units; FAN, Free Amino Nitrogen; A/E, Higher Alcohols to Ester ratio.
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490nitrogen consumption rate (FCR) did not follow FLR linearly
(Fig. 3D). This could be explained by the uptake rate of amino
acids, which takes some time and energy to accomplish (31).
Moreover, the initial fall in FCR/FLR observed in the early stages
of continuous fermentation (Fig. 3D) could be ascribed to the in-
creased rates of yeast metabolism and growth, which may haveCopyright © 2014 The Instituwileyonlinelibrary.com/journal/jibtriggered the de novo synthesis of amino acids, decreasing the
need for external sources of these building blocks. Not surpris-
ingly, FCR exerted a strong impact (Fig. 4) on the productivity
of higher alcohols (rp higher alcohols) as the main route for their
synthesis is by the catabolism of amino acids through the Ehrlich
pathway (32).J. Inst. Brew. 2014; 120: 486–494te of Brewing & Distilling
Figure 4. Correlation of free amino nitrogen consumption rate (FCR) inﬂuencing
the productivities of higher alcohols and diacetyl. This ﬁgure is available in colour
online at wileyonlinelibrary.com/journal/brewing.
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Institute of Brewing & DistillingDespite the vast presence of precursors as higher alcohols
(Table 2), according to some authors, the main factor inﬂuencing
the synthesis of acetate esters is not substrate availability, but
the expression of genes (ATF1, ATF2, Lg-ATF1) encoding alcohol
acetyltransferases (33–35). However, the expression of these
genes is directly inhibited in the presence of oxygen (36–40).
Yet, in order to keep a positive tendency for biomass accumula-
tion, oxygen is crucial for the synthesis of plasmatic membrane
structures (41). It is in this context that the core paradox for
the feasibility of long-term continuous fermentation emerges:
how to build biomass without inhibiting ester synthesis? In
batch fermentations, the dissolved oxygen present in wort is
rapidly exhausted by the pitched yeast to form new cells. Brew-
eries rely on this initial yeast growth for maturation and crop for
re-pitching. Thus, continuous bioreactors as suggested in the
current work not only must provide a sensorially balanced green
beer, but also need yeast to keep the fermenter working and
also to proceed with carbonation and diacetyl removal in the
maturation step. Therefore, despite using direct aeration to the
airlift reactor, which could impair ester synthesis, the current
setup presented consistent acetate ester productivity (Fig. 3).
Fig. 3(C) shows that, in the course of constant inlet of nutrients
(stable SLR and FLR), the growing Xtot did not inﬂuence con-
sumption and productivity rates. These data suggest that the
Xtot present during these stages was potentially able to increase
the productivities further by raising the Q. However, this was not
tested owing to logistical difﬁculties of transporting a higher
number of wort barrels from the brewing industry to the labora-
tory in order to support the increased demand of SLR and FLR.49Beer analysis
The high initial RTtot needed for building Xtot also delayed the
washout of the green beer produced during the initial batch
phase of the reactor operation. As a result, the green beer from
the outﬂow in the ﬁrst days of continuous fermentation was sen-
sorially unbalanced, especially for the values of acetaldehyde and
higher alcohols (Table 2). Once enough Xtot was immobilized
inside the airlift reactor and the unbalanced green beer was
washed out (~day 10 of the continuous experiment), the higherJ. Inst. Brew. 2014; 120: 486–494 Copyright © 2014 The Institualcohol to ester ratio (A/E) was kept within acceptable values
(5.7 ± 0.83) until interruption of fermentation. This ratio was
attained both by decreased higher alcohols measured in the
green beer after the ﬁrst days of continuous fermentation and
also by an increased rate of ester synthesis when there was sufﬁ-
cient Xtot (>30 g/L) in the airlift reactor (Table 2).
The vast majority (~80 %) of higher alcohols present in the ﬁ-
nal beer are produced by yeast during the primary fermentation
either from catabolism (42,43) or from the biosynthesis of amino
acids (44). These fusel alcohols not only contribute directly to the
ﬁnal beer’s aroma and taste, but also contribute indirectly as
they are precursors of the most desirable esters. Data involving
the production of higher alcohols using ICT is rather inconsistent
as some works have reported low production of higher alcohols
by immobilized cells (45–47), while others have shown increased
biosynthesis when compared with batch fermentations (48). To a
large extent, the average total higher alcohols measured in the
green beer produced by the current setupwerewithin the expected
concentration range (49,50) for both Pilsener (119 ± 18 mg/L) and
dark lager (142 ± 9 mg/L). In the present work, isoamyl alcohol
(3-methyl-1-butanol) and the active amyl alcohol (2-methyl-1-
butanol) were measured together and are henceforth referred to
as amyl alcohols (Table 2). Bearing in mind that the current work
used high-gravity wort (which means that beer produced should
still be diluted), not only amyl alcohols, but all other higher
alcohols reported in Tables 2 and 3 are in the desired/acceptable
concentration range for both Pilsener and dark lager (49,50).
Although esters are lesser constituents of beer, they are
extremely important contributors to the aromatic proﬁle of
any beer. Just as with the higher alcohols, esters are also
mainly produced during the initial vigorous fermentation, which
means that a beer’s quality depends heavily on a successful
primary fermentation. Only acetate esters were measured in
the current work because they are present in beer in much
higher amounts compared with medium-chain fatty acids ethyl
esters. Ethyl acetate is synthesized by the brewing yeast through
the action of alcohol acetyltransferase catalysing the condensa-
tion reaction between acetyl-CoA with ethanol; it is the most
abundant ester in beer. After approximately 10 days of continu-
ous fermentation (Xtot > 30 g/L), the average ethyl acetate con-
tent in the green beer was 18.4 ± 0.4 and 26.35 ± 0.18 mg/L for
Pilsener and dark lager, respectively. These numbers not only
agree with other reported setups for primary continuous beer fer-
mentation (46,51–54), but they are also within the desired concen-
tration range (49,50). Isoamyl acetate has a much lower ﬂavour
threshold (1.2 mg/L) than its counterpart ethyl acetate (20–30
mg/L) (49,50) and it was present below the ﬂavour threshold in
the green beer up to the late stages of Pilsener-type wort injec-
tion in the current work. It is possible that the increased cell activ-
ity driven by increasing SLR/FLR and biomass itself progressively
exhausted the dissolved oxygen, leading to a gradual higher
expression of ATF genes (36), and hence higher levels of isoamyl
acetate (Fig. 3B).
As reported in the literature involving ICT (4,6,46,55,56), one of
the main problems impairing beer produced under such dense
pitching rates is the overproduction of diacetyl. This vicinal
diketone has a very low odour threshold (around 0.1 mg/L
(50)), leaving lager beers with an unpleasant sweetish buttery
off-ﬂavour. Diacetyl is spontaneously formed outside yeast cells
by the non-enzymatic oxidative decarboxylation of α-acetolactate,
which in turn is also an intermediate for the de novo synthesis of
valine. Additionally, the accumulation of α-acetolactate insidete of Brewing & Distilling wileyonlinelibrary.com/journal/jib
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492yeast cells is rate-limiting for the biosynthesis of that amino acid
and is therefore excreted (57). As recommended by the EBC, the
measurements of total diacetyl performed in the current work also
considered the α-acetolactate present in the green beer. There-
fore, all valuesmentioned for diacetyl should be henceforth under-
stood as total diacetyl. As shown in Fig. 4, diacetyl productivity was
inﬂuenced by FCR. Very recently, Krogerus and Gibson (58) demon-
strated that worts with less FAN produced less diacetyl during fer-
mentation. Before them, Pugh and colleagues (59) demonstrated
the same correlation, but FAN levels lower than 122 mg/L started
to increase diacetyl production. It was clear that depletion of
FAN below critical levels stimulated the de novo synthesis of valine,
increasing the pool of α-acetolactate. Still more recently, Lei et al.
(31) observed that the intake of valine decreased with increasing
FAN content. These authors hypothesized the rise of available
FAN to induce yeast to absorb preferred amino acids prior to va-
line. Valine acts as a feedback inhibitor of ILV2-encrypting
acetohydroxy acid synthase, which catalyses the irreversible con-
version of pyruvate to α-acetolactate (60,61). Thus, it is possible
that the increased FLR from day 27 onwards, associated with FCR
(of preferred amino acids) decreased valine uptake in the current
setup, stimulating the synthesis of α-acetolactate, which ultimately
led to increased levels of diacetyl (Fig. 4). Regardless of the in-
creased diacetyl productivity, after maturation, the total diacetyl
was reduced well below the threshold value for the Pilsener beer
(0.04 mg/L) and slightly above for the dark lager (0.12–0.17 mg/L;
Table 3).
As maturation time was extended to 30 days, it is possible that
some yeast present in maturating bottles had autolysed, slightly
increasing the pH in the matured beer (Table 3). Accordingly, the
addition of original extract to the bottles certainly changed the
quality of matured beer (Table 3). This practice is commonly
used to improve the beer’s quality in some Belgian ales (62).
Yeast metabolism during re-fermentation is completely reduc-
tive, owing to the lack of oxygen in the green beer. As a result,
yeast will accumulate the reduced coenzymes NADH and
NADPH. Therefore, in order to keep the redox balance, the
brewing yeast exposed to this situation uses this ‘reduction
power’ to reduce aldehydes to alcohols through the action of
aldoketoreductases (63–65). The reduction of aldehydes such
as diacetyl and 2-trans-nonenal into their respective alcohols
improves the beer ﬂavour, as these alcohols have much higher
ﬂavour thresholds than the original aldehydes. In the present
work, this was true for acetaldehyde, as values were below the
threshold (50) in the ﬁnished beer (Table 3).
Conclusions
The volumetric productivity of the airlift reactor for primary con-
tinuous beer fermentation was greatly enhanced by the applied
high gravity wort. The current setup has shown not only an
extraordinary performance at the level of real attenuation and
ethanol productivity, but has also proven to be ﬂexible as two
types of beer were produced without interrupting the process.
It should not be forgotten that yeast immobilization was car-
ried out by ﬂocculation, which could bring great economic ben-
eﬁts in further scale-ups of this system. Additionally, this simple
self-aggregation method was able to keep an amount of
immobilized yeast suspended in the system greater than any
other ICT setup reported to date. Moreover, irrespective of the
wort type fed into the bioreactor (limits tested in the present
work), the concentrations of the main ﬂavour-active compoundsJ. Inst. Brew. 2014; 120: 486–494te of Brewing & Distilling
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49in green beer were in the desired range throughout the entire
duration of the continuous experiment. A ﬁne-tuning in the
amount of dissolved oxygen provided to the airlift reactor would
further improve the quality of the beer produced.
Bearing in mind that this work was a laboratory-based study,
faster start-ups of the current setup could be achieved by increas-
ing the initial pitching rate (e.g. using an industrial yeast slurry).
The current work also inspires new studies of diacetyl forma-
tion in ICT, which could be triggered by increasing FLR and FCR.
Additionally, it has also been observed that nutrient availability
in continuous fermentation can greatly change the manifesta-
tions of the physiological state of the yeast population (i.e. viabil-
ity and fermentation performance rates). Therefore, further work
should focus on a deeper understanding of these observations
by genetic screening of yeast cells growing and fermenting un-
der such conditions.
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